Inorganic photodetectors using GaN, SiC, Si, and GaAs cover three important spectral sub-bands of light, the ultraviolet (UV), visible, and near infrared (NIR). 1 Recently, organic photodiodes comprising electron donating and electron accepting materials have been demonstrated to have broad spectral responses (350-1450 nm) with photodetectivities exceeding 10 12 Jones. 2, 3 The response at both short (UV) and long (near-IR) wavelengths in the same device is a particularly interesting feature of organic photodetectors. High detectivity in the UV region is important for future generation, high energy radiation sensors that use scintillation layers. 4 In addition to the wide spectral response, organic materials enable large area processing on inexpensive substrates (glass or polymeric foils) and can be used in low-cost applications such as large area solar cells. 5 The device structures of organic photodetectors and solar cells can have an important impact on their performance. Both are typically made in a structure where the light shines through a transparent electrode, such as indium tin oxide (ITO), on a transparent substrate. 6 In "conventional" cells, ITO acts as the anode and collects the photogenerated holes while for electron collection the other electrode (cathode) is chosen to have a lower work function, e.g., Al. In "inverted" devices, the ITO electrode is typically coated with a wide band gap metal oxide with a conduction level that is aligned to the unoccupied electronic level of the acceptor in the organic layer to collect electrons while the other electrode (anode) is chosen to have a higher work function, e.g., Ag to collect holes. 6 However, in both cases, the photodiodes are illuminated through the substrate. In contrast, illumination from the top electrode, whether it is the anode or cathode, is desirable to allow the use of non-transparent substrates and also to aid in integration with electronics such as imaging arrays 7 where the underlying electronics may reduce the illuminated area of the photosensor or be opaque, e.g., a silicon IC or polysilicon on stainless steel. 8 Currently, it is difficult to deposit the most commonly used transparent electrode, ITO, onto organic materials due to damage to the organic layer during the deposition process. 9 Alternative transparent electrodes including poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS), 5, 10 silver nanowires, 11 and thin metal layers (gold) 12 have been demonstrated, but their performance as transparent electrodes with top illumination have not been widely studied.
We report here the performance of inverted bulk heterojunction (BHJ) organic photosensors of poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) with transparent top electrodes that exhibit efficient detection of light from the UV to the visible region ($250 nm to 650 nm) ( Figs. 1 and 2) . A critical need for broad spectral response with top illumination is a transparent electrode with optical transmission higher than 85% over the desired spectral range. In this work, we investigated (semi)-transparent top anodes using conventional metals including Ag and Au (approx. 50% transmittance), and also single layer graphene (SLG, 85% transmittance, see supplementary data 34 ). SLG films have recently been grown over large areas using chemical vapor deposition on metallic foils 13, 14 eliminating the difficulty of forming large-area exfoliated films for electrodes. 15 SLG is particularly attractive because it has high transparency over a broad spectral range, high mechanical flexibility, 16, 17 and can act as a gas barrier for encapsulation of the underlying organic layer. 18 Most prior studies of BHJ photodiodes with graphene electrodes have focused on either the conventional [19] [20] [21] or inverted geometry 22 with illumination through the substrate in contrast to the top-illuminated devices examined here. All of the photodiodes examined here are free of both ITO and also PEDOT:PSS, which is known to have significant thermal and chemical instabilities. 23, 24 All devices were prepared on solvent cleaned glass substrates on which the patterned aluminum cathode (thickness of 50 nm) was evaporated. The P3HT:PCBM solution was spin coated (weight ratio: 1:0.8) to obtain layer thicknesses of 210-230 nm, followed by annealing in the presence of ortho-dichlorobenzene, and thermal annealing at 150 C (10 min). 25 For some devices, molybdenum(VI)oxide ($10 nm at 0.2 Å /s, 99.99%, Sigma Aldrich) was evaporated as a hole transporting layer prior to processing of the (semi)-transparent Ag and Au anodes (10 nm). High quality SLG was grown on copper using optimized low pressure chemical vapor deposition yielding films with large grain size (100-200 lm) and carrier mobilities exceeding 3500 cm 2 / Vs. 26 To mechanically stabilize large-scale continuous SLG, a thin layer of poly(methyl methacrylate) (PMMA, MicroChem950 C2) was spin-coated on top of SLG/copper. The PMMA/SLG/Cu films were baked at 180 C for 10 min prior to etching the copper by iron nitrate. The PMMA/SLG films were cleaned with dilute HCl and DI water and then transferred to the photodetector device and annealed for 5 min at 120 C. The finished devices were characterized as solar cells using an AM 1.5 solar simulator under 100 mW/cm 2 top illumination (Table I) . Their spectrally resolved external quantum efficiency (EQE) was measured using monochromatic light source comprising a 300 W Xe lamp and a monochromator (Newport Cornerstone 260). The incident intensity was 5 mW cm À2 or less and the photocurrent was amplified by a current preamplifier (SRS SR570) and recorded by a lock-in amplifier (SRS SR810). A calibrated Si photodiode (Newport 818-UV) was used as a reference. DC bias was applied to the device by a source-measure unit (Keithey 2602 A).
The top-illuminated, inverted devices with metal electrodes had the highest efficiency as solar cells. The power conversion efficiencies (PCE) of devices with Ag and Au electrodes were best with an additional layer of MoO x , a wide-gap oxide whose conduction level is aligned to the HOMO of P3HT, and are given in Table I . The open circuit voltage (V OC ) and series resistance (R S ) were both dependent on the presence of the MoO x layer. Without MoO x , the V OC was 0.43 V for Au and was 0.29 V for Ag, however, they were nearly identical ($0.58 V) with the MoO x layer. We attribute the difference to a change in the line-up of the HOMO of P3HT with the electrode due to p-type doping of P3HT by MoO x . 27 This hypothesis is also consistent with the higher series resistance of devices without the MoO x layer (R S (Au): 120 Xcm . Despite the low value of the PCE, we believe that it is the highest reported for a top illuminated inverted organic solar cell using a SLG anode. The J SC of devices with Ag and Au top anodes has a linear dependency on light intensity to higher than 2 suns illumination (see Figure 2) . In contrast, the J SC of devices with SLG as transparent electrode shows a linear light dependency up to only 10 mW cm
À2
. Due to the R S , the J SC is limited for higher light intensities with saturation at approximately 2 mAcm
. Similar low efficiencies have been observed in dye-sensitized 28 and small molecule-based 29 solar cells under 1 Sun conditions with top illumination through SLG. Additionally, large SLG sheets (sheet size: approx. 15 Â 10 mm 2 ) are transferred onto the Al/ P3HT:PCBM/MoO x stack resulting in defects such as physical discontinuities and as a result mechanical stress may affect R S and J SC in some devices. We expect that the wet transfer process in air may affect the V OC due to changes in the stoichiometry of MoO x and the J sc and FF through formation of defect states in the BHJ 30 as well. The SLG devices operate efficiently under low light (vida infra), therefore we believe that the contribution of the series resistance dominates formation of trap states during fabrication. Nonetheless, these devices are significant because the BHJ layer is exposed to the ambient atmosphere and water during processing and the final devices still exhibit good performance as photodiodes.
Inverted, top-illuminated photodiodes with SLG perform well as photosensors at low incident light intensity and have improved EQE at short wavelengths compared to photodiodes with metal electrodes. The EQEs of devices with SLG, Ag, and Au electrodes were recorded at À0.1 V bias (Figure 3 ). The reverse bias was chosen to limit irreversible damage of SLG that was observed at biases beyond À0.5 V. The EQE characteristics for all devices correlate well to the transmittance of the (semi-)transparent electrodes and the absorbance of P3HT:PCBM (for detailed UV-Vis spectra, see supplementary data). The EQE is $30% over a broad range using a SLG top electrode due to its homogeneous high transmittance (>85%). In contrast, semitransparent Au and Ag top electrodes result in average values around 20% with maximum signals (35% and 30%) at 300-400 nm for Ag and 480-600 nm for Au. Devices with SLG outperform those with both Ag and Au at wavelengths less than 300 nm.
To evaluate the performance of the top-illuminated organic photodiodes as sensors, we calculated their responsivity and estimated their detectivity, the inverse of the noise equivalent power (Figure 4 ). The spectral current responsivity (R k in A/W) is given as:
with wavelength (k), quantum efficiency (g), Planck's constant (h), the electric charge (q), and the photoelectric gain (g). Assuming the extraction of one charge carrier per electron hole pair, the value of gain is 1. The detectivity (D Ã k ) was calculated assuming that the shot noise was the dominant noise source as:
with the dark current (J dark ). 32 In imaging applications, the detectivity could be lower by subtraction of the dark current, but the value will depend on the details of the electronics of the sensing array coupled to the photodiode. 6 The spectral current responsivity varies for the photosensors due to the transmittance of the transparent electrode and the absorbance of the BHJ. The average responsivity is 0.075 A/W (Ag, max. at 350/400 nm, 0.10 A/W), 0.069 A/W (Au, max. at 570 nm, 0.12 A/W), and 0.11 A/W (SLG, max. at 610 nm, 0.17 A/W) within the range of 250-650 nm. The UV transmittance of the top-illuminated photosensors is significantly improved in comparison to non-inverted photosensors (glass/ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al) where the transmission decreases substantially at wavelengths shorter than 400 nm due to the ITO layer. An average current responsivity of 0.097 A/W was found for Ag at near UV (320-380 nm) with a slightly lower value for SLG of 0.083 A/W. The responsivity of photosensors with SLG at wavelengths below 300 nm was higher than that of devices with metal electrodes making it an attractive transparent electrode for UV photosensors.
Overall, the detectivity of the photodiodes with Ag electrodes was found to be the best of the three types of devices. Their performance was determined based on J dark at low reverse bias (V ¼ À0.1 V). Low applied voltages are favorable due to low device energy consumption and minimization of the dark current. The device-to-device variation of J dark was examined and the maximum values were found to be 218 nA cm À2 (Au), 196 nA cm À2 (Ag), and 287 nA cm
The lowest values of J dark were 1.9 nAcm À2 for Au and Ag electrodes and 6.2 nA cm À2 using SLG. The variation in J dark is attributed to doping of the active P3HT: PCBM layer by the contact metals and MoO x and also shunts due to imperfections in processing. The calculated average detectivities using the optimal values (low J dark ) are 3.1 Â 10 12 Jones (Ag), 2.8 Â 10 12 Jones (Au), and 2.5 Â 10 12 Jones (SLG) within the wavelength range of 250-650 nm. The higher value of J dark leads to lower detectivity for the SLG devices and was attributed to the partial device preparation in air and water. We expect that J dark would be reduced by transferring the graphene layer in an inert environment and would lead to improved characteristics compared to the other electrodes based on the better responsivity.
In conclusion, we have demonstrated inverted, topilluminated BHJ photosensors with (semi-)transparent anodes of thin layers of Ag, Au, or SLG, which are free of both ITO and PEDOT:PSS. High spectral responsivity of 0.17 A/W for devices with SLG electrodes and detectivities around 3 Â 10 12 Jones are obtained, even though the BHJ was exposed to both air and water. The top illumination paired with a constant and high optical response over a broad spectral range (particularly SLG) makes them a promising candidate for organic photosensors on flexible substrates. Organic photosensors with SLG are particularly useful for detection of light at wavelengths less than 300 nm and have comparable responsivity to SiC photodiodes 33 despite the relative simplicity of fabrication. 
